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ABSTRACT: Chemical co-doping and high pressure reaction have been broadly used to synthesize novel 
materials or tune the physicochemical properties of traditional materials. Here, we take In3+ and Nb5+ ions 
co-doped anatase TiO2 nanocrystals as an example and report that a combination of both chemical and 
high pressure reaction route is more powerful for the preparation of metastable polymorphs. It is 
experimentally demonstrated that In3+ and Nb5+ co-doping significantly changes the high-pressure 
reaction behaviours of anatase TiO2 nanocrystals (<10 nm) and leads to their trans-regime structural 
* Corresponding author: Yun.liu@anu.edu.au. 
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transition in terms of in situ Raman analysis, from anatase to a baddeleyite-like phase under compressive 
pressures and then to an α-PbO2-like structure under decompressive pressures. This abnormal phase 
transition is attributed to the defect-induced heterogeneous nucleation mechanism. Furthermore, the 
stiffness of co-doped TiO2 nanocrystals is significantly enhanced due to the synergistic effects of co-
dopants. This research not only proposes a potentially effective strategy to synthesize co-doped metastable 
polymorphic phases but also suggests one feasible method to improve the mechanical properties of 
anatase TiO2 nanocrystals. 
INTRODUCTION 
Many traditional materials display abnormal physical behaviours under or after high pressure (HP) 
reaction as a consequence of the shrinkage of average interatomic distances and the densification of 
atomic/ionic packing. For example, pressurized titanium dioxide (TiO2) can achieve ultra-hardness 
comparable to diamond or cubic BN.1-3 The band-gap of TiO2 can be narrowed to greatly improve photo-
reaction activity after HP treatment.4,5 The superconductivity of Fe-based superconductors (e.g. CaFe2As2 
or BaFe2As2) can also be controlled by applied pressure.6 HP reaction is thus not only a valid way to 
discover novel properties of normal materials but also a critical approach to synthesize new materials with 
higher coordination numbers.7  
TiO2 is a typical multiple polymorphic example and is now extensively used in the fields of photo-
catalysts, solar cells, cosmetics and electronic devices. Anatase, rutile and brookite are its three common 
phases and can be synthesized at ambient conditions. Other polymorphs of TiO2 such as baddeleyite-like 
structure or α-PbO2-like phase can only be prepared under tens of gigapascals (GPa) pressures.8 The 
hexagonal Fe2P-type, fluorite and pyrite structures are either predicted theoretically or only observed 
under extreme HP conditions.9 Previous HP investigations suggested that the structural transition of 
anatase TiO2 was strongly dependent on its initial crystallite sizes and smaller crystals kept anatase stable 
to higher pressures. Figure 1 shows the size-dependent compression and decompression phase diagrams 
of anatase TiO2, summarized from the literature.8-10 Three size regimes (<11 nm, 11-40 nm and >40 nm) 
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are categorized. (1) For those small nanocrystals with crystallite sizes less than 11 nm, pressurization-
induced amorphization occurs at ∼24 GPa due to the crystal-liquid transformation. On depressurization, 
the HP disordered phase changes at ∼15 GPa from high-density amorphous state (HDA) to a low-density 
amorphous structure (LDA). (2) For TiO2 nanocrystals with crystallite sizes between 11 and 40 nm, a 
direct phase transformation from anatase to a monoclinic baddeleyite-like structure happens during 
compression at ∼16 GPa. This HP-induced baddeleyite-like structure then changes to an α-PbO2-like 
phase at ∼10.5 GPa when the pressure is gradually released. (3) For TiO2 nanocrystals with crystallite 
sizes over 40 nm, they transform from anatase to an α-PbO2-like phase at ∼4.5 GPa and then to a 
baddeleyite-like structure at ∼13 GPa during compression. Similar to the 11-40 nm nanocrystals, the 
baddeleyite-like structure also becomes an α-PbO2-like phase after decompression, but starts at a lower 
onset pressure of ∼7 GPa. After the whole compression and decompression cycle, the anatase structure of 
TiO2 can not be recovered. The pressure values, which are applied on micro/nanoparticles with a similar 
size range for structural transition, remain almost unchanged between two successive phases except for a 
small fluctuation caused by the pressure calibration method, the transmitting medium or the original 
properties of anatase TiO2. 
Doping foreign ions/atoms into the crystal structures of host materials inevitably affects their macroscopic 
properties as it strategically changes the chemical environment of doped sites and thus varies structural 
stability. Some dopants (e.g. Mn in ZnO nanowires11 or Sc/Y in AlN nanoprisms12) drastically reduce the 
onset formation pressure of related new polymorphs while other dopants such as Mg in lanthanum 
silicate13 significantly elevate the critical pressure of phase transition. Our recent study indicated that co-
doping In3+ and Nb5+ ions introduced defect clusters into rutile TiO2 and thus enabled the localization of 
electrons in certain regions through creating electron pinned defect dipoles for colossal permittivity.14 
Given the complicated pressure-induced phase transition scenarios of anatase TiO2, the simultaneous 
introduction of In3+ and Nb5+ ions into their crystal structures might also affect high pressure reaction 
dynamics and possibly generate special polymorphs of co-doped TiO2. Moreover, the ionic radius of In3+ 
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ions is significantly larger than that of host Ti4+ ions. The introduction of large-size dopants would result 
in the great distortion of the local crystal structure and thus change the stiffness of host TiO2 materials in 
a similar way to the well-known Y stabilized ZrO2. Here, we experimentally design an effective approach 
to cooperatively introduce In3+ and Nb5+ ions (∼5at.%, compared to titanium ions) into small anatase TiO2 
nanocrystals (<10 nm). High pressure reaction behaviour of co-doped nanocrystals is systematically 
investigated by an in situ Raman spectroscopy. The enhanced stiffness (incompressibility) by co-doping 
is analysed and the associated mechanism for the abnormal structural transition behaviour is also 
discussed based on defect-induced heterogeneous nucleation mechanism. 
EXPERIMENTAL SECTION 
Materials. (In3++Nb5+) co-doped anatase TiO2 nanocrystals were synthesized by a solvothermal method 
and they are directly used for high pressure reaction. Detailed information about the preparation of these 
co-doped nanocrystals will be described elsewhere.15  
High Pressure Process. A diamond anvil cell with a cullet size of 400 µm was employed to conduct the 
high pressure reaction. A steel gasket of 30 μm in thickness was drilled at the centre to form a 200 μm 
diameter hole. It served as the sample chamber. (In3++Nb5+) co-doped anatase TiO2 nanopowders and two 
small ruby balls were loaded into the above chamber. A mixture of ethanol and methanol (4:1) were used 
as a pressure transmitting medium. Samples were carefully loaded to the maximum pressure of 47.2 GPa 
in small steps. 
Characterization Methods 
X-ray powder diffraction pattern (XRPD) was collected by PANalytical’s X-ray diffractometers with 
CuKα radiation (λ=1.5406 Å). A field-emission transmission electron microscope (TEM, JEOL-2100F) 
was utilized to analyse their microscopic morphology and crystallite sizes. The chemical valences and 
doping levels of In3+ and Nb5+ ions are analysed by X-ray photoelectron spectroscopy (XPS), energy 
dispersive spectroscopy (EDS) of scanning electron microscope (SEM) as well as inductively coupled 
 4 
plasma optical emission spectrometer (ICP-OES). The pressure inside the diamond cell was determined 
by the pressure dependent shift of the ruby fluorescence R1 line.16 In situ Raman measurement was taken 
using a Renishaw Raman System (532 nm laser). 
RESULTS and DISCUSSION 
Figure 2a shows the XRPD pattern of solvothermal products. All diffraction peaks are assigned to the 
tetragonal phase with space group symmetry I41/amd. We experimentally demonstrate the nature of pure 
anatase phase for the synthesized solvothermal products. Their crystallite size is estimated to be about 6.8 
nm according to the calculation using the Scherrer equation,17 and further confirmed by the direct 
observation from a high resolution TEM image (ranging from 4.7 nm to 10.8 nm and having an average 
crystallite size of ∼6.4 nm, Figure 2b). Moreover, most of the co-doped TiO2 nanocrystals present a quasi-
spherical shape. The respective chemical valences of indium and niobium in the quasi-spherical 
nanoparticles are +3 and +5, respectively, and that of titanium are composed of +3 and +4, as shown by 
XPS analysis (Figure 2c and 2d). The total doping concentration of In3+ (In/Ti) and Nb5+ ions (Nb/Ti) is 
found to be very close to ∼10 at.% and their individual one is ∼5 at.% in terms of the results of XPS, EDS 
of SEM and ICP-OES measurement (Supporting Information, Table S1). It is thus claimed that 
(In3++Nb5+) co-doped TiO2 nanocrystals used as HP reactants of this work have the respective doping 
concentration of 5 at.%, anatase phase, quasi-spherical morphology and the average crystallite sizes of 
less than 10 nm. 
To investigate the high pressure reaction behaviour of (In3++Nb5+) co-doped anatase TiO2 nanocrystals, 
their in situ Raman spectra were collected under compression and decompression conditions. Tetragonal 
anatase TiO2 normally has six Raman active modes (1A1g+2B1g+3Eg).18 Only five of them are detected 
here when fitting the room temperature and ambient Raman spectrum (0 GPa curve of Fig. 3a). Three 
Raman bands around 149.5, 199.6 and 642.4 cm-1 are assigned to different Eg modes while the other two 
peaks centering at 394.3 and 516.4 cm-1 are ascribed to the B1g and A1g/B1g active modes. The Raman 
signal at 199.6 cm-1 is very weak and two different modes (A1g or B1g) at 516.4 cm-1 cannot be 
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distinguished unambiguously. These phenomena are common for nanoscale TiO2 and are caused by their 
strong size-effects.19 
When the achieved co-doped anatase TiO2 nanocrystals are gradually pressurized to 47.2 GPa in a 
diamond anvil cell, the shift of Raman peaks and the detailed process for forming a baddeleyite-like phase 
are observed. Below 19.1 GPa, the four prominent Raman peaks of co-doped TiO2 all shift to higher 
wavenumbers with increasing pressures. Above 19.1 GPa, a typical Ag mode of baddeleyite-like TiO2 
begins to appear at 480.2 cm-1 (it is labelled by a “*” symbol). This onset pressure for phase transition is 
much lower than that of un-doped TiO2 with similar crystal sizes (∼24 GPa, Fig. 1), but is slightly higher 
than that of Nb5+ single-doped anatase nanoparticles (∼18 GPa).20 Further increasing the external 
pressures, the Ag peak intensity at 480.2 cm-1 continuously increases and the other Raman peaks of 
baddeleyite-like TiO2 become more prominent (see the Raman spectra collected at e.g. 21.9 and 26.0 
GPa). It suggests a gradual phase transition from anatase to a baddeleyite-like structure with these two 
phases co-existing in the transitional region. At ∼27.9 GPa, the baddeleyite-like phase completely forms 
and keeps stable up to the maximum pressure (47.2 GPa, Supporting Information, Figure S1). Comparing 
with the amorphization of un-doped anatese TiO2 nanocrystals with a similar size distribution (Fig. 1), 
the phase transition behaviour of co-doped anatese TiO2 is significantly changed due to the introduction 
of In3+ and Nb5+ ions.  
The formed baddeleyite-like structure can only exist under HP conditions. It gradually changes to an α-
PbO2-like phase when the pressure is reduced to 32.7 GPa (i.e. the Raman peak of an α-PbO2-like phase 
appears at ∼446.8 cm-1, Fig. 3b). The phase transition from a baddeleyite-like to an α-PbO2-like structure 
completes at ∼2.3 GPa and then the α-PbO2-like structure remains stable even when the pressure is 
completely released. The co-doped α-PbO2-like TiO2 synthesized thereof shows 3Ag (175.3, 426.1 and 
531.9 cm-1), 3B1g (280.6, 317.0 and 567.3 cm-1), 1B2g (346.2 cm-1) and 1B3g (156.0 cm-1) Raman active 
modes. 
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For one compression and decompression cycle, (In3++Nb5+) co-doped anatase TiO2 nanocrystals 
experience the phase transition in the sequence of (1) anatase → baddeleyite-like phase (compression) → 
α-PbO2-like structure (decompression, Fig. 3c). This structural transition scenario differs from the 
pressure-induced amorphization of un-doped TiO2 nanoparticles with the similar crystallite sizes (<11 
nm), but is more closely analogous to that of large-sized ones (11-40 nm, Fig. 1). Trans-regime structural 
transition is thus activated by co-doping In3+ and Nb5+ ions.  
From a structural perspective, anatase and α-PbO2-like TiO2 are both composed of TiO6 octahedra. The 
octahedral arrangements, however, are quite different between them (Fig. 3c). TiO6 octahedra form zigzag 
chains along a and b directions and each octahedron shares four edges in anatase TiO2 while they form 
the planar chains sharing edges in a zigzag arrangement along the c direction in an α-PbO2-like crystal 
structure.9d Meanwhile, the baddeleyite-like phase is constructed by TiO7 decahedra and the coordination 
number of Ti4+ cations also changes from six to seven. Hence, the structural transition of (In3++Nb5+) co-
doped anatase TiO2 nanocrystals is complicated under HP conditions and accompanied by the breaking 
and reassembling of M-O chemical bonds (M represents In, Nb and Ti ions and O is oxygen.).  
In order to quantatively describe the shift of Raman peaks, pressure (p) dependent Raman frequency (ν) 
is plotted and fitted for different active modes of co-doped TiO2 nanocrystals (Fig. 4a, 4d and 4e). The 
pressure coefficient (dν/dp) is about 2.20 cm-1⋅GPa-1 for the Eg(1) Raman mode of co-doped anatase TiO2. 
It is about 12% lower than that of un-doped (2.58±0.22 cm-1⋅GPa-1)8d and about 22% smaller than that of 
10 at.% Nb5+ single-doped TiO2 (2.81 cm-1⋅GPa-1),20 meaning that M-O chemical bonds of co-doped 
nanocrystals are more incompressible than the latter two samples. The dν/dp values of other Raman modes 
are also lower and presents the similar trends as that of Eg(1) mode. Table 1 summarizes the pressure 
coefficients of (In3++Nb5+) co-doped/Nb5+ single-doped/un-doped anatase, baddeleyite-like and α-PbO2-
like TiO2 nanocrystals. It is obvious that Nb5+ ions single-doping results in larger dν/dp values and 
actually softens anatase TiO2 nanoparticles.20 However, In3+ and Nb5+ co-doping leads to an opposite 
variation and should harden their co-doped nanocrystals (i.e. enhancing their stiffness).8b,8e,8h In addition, 
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we also find a small dip in the enlarged pressure-Raman frequency curve of below 0.8 GPa ( Fig. 4b) due 
to the pressure difference between interior and exterior of co-doped TiO2 nanoparticles.8b,8d This pressure 
difference further results in a steep decrement and then a continuous increment of Raman line widths on 
both sides of ∼5 GPa (Fig. 4c). 
The stiffening of co-doped TiO2 nanocrystals should be physically attributed to the synergic 
effects of In3+ and Nb5+ co-dopants. The Pauling ionic radii of In3+ ions are 94 pm in the six-
coordinated octahedra and are much larger than that of Ti4+ (74.5 pm) or Nb5+ (78 pm) ions. Bond-
valence-sum (BVS) calculations21 show that In3+ ions (5 at.%) are strongly overbonded in anatase 
TiO2 with the global instability index (GII) of 1.2402 v.u. while Nb5+ ions (5 at.%) are slightly 
overbonded with GII=0.3540 v.u. In-O chemical bonds become more incompressible than Ti-O 
or Nb-O bonds due to the large-size of overbonded In3+ ions and thus leads to the enhanced 
stiffness of co-doped TiO2. However, the mono-doping level of In3+ ions in TiO2 is very low and 
usually less than 1 at.%, which is impossible to achieve 5 at.% without phase segregation.22 Nb5+ 
ions co-doping thus prompts the dissolution of In3+ ions and their associated synergistic effects 
enhance the stiffness of anatase nanocrystals. Based on (In3++Nb5+) co-doped bulk crystals, the 
density functional theory (DFT) calculations were performed (Supporting Information, S3). The 
results show that co-doped bulk crystals become soft and are contrary to that of nanocrystals since 
3D confinement of finite-sized nanoparticles cannot be considered for the DFT calculations.  
The synergistic effects of In3+ and Nb5+ ions also determine the trans-regime structural transition 
of co-doped nanocrystals under HP conditions. Doping introduces different defect states into host 
materials and these intentionally introduced defects can act as heterogeneous nucleation centres of 
crystal-crystal transition.23 Classical nucleation theory points out that the energy barrier (∆G∗) of 
heterogeneous nucleation is always lower than that of homogeneous nucleation. It is thus 
energically favourable to activate the structural transition of co-doped TiO2 nanoparticles using a 
smaller pressure than that of un-doped TiO2. Experimentally, the critical pressure of phase 
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transition from anatase to a baddeleyite-like structure is ∼19.1 GPa, which is much lower than that 
of un-doped samples (∼24 GPa). During decompression, the similar results can also be obtained. 
Therefore, defect-induced heterogeneous nucleation mechanism is responsible for the observed 
trans-regime structural transition of co-doped nanocrystals. 
Figure 5 shows a schematic of defect-induced heterogeneous nucleation mechanism. Crystal fields 
and chemical bonds around In3+ and Nb5+ co-doped sites are different from that of titanium and 
result in a non-uniform pressure distribution within co-doped TiO2 nanoparticles under HP 
conditions. Locally, the crystal structure surrounding doped sites firstly distorts because the defect 
positions have higher energy. In-O or Nb-O chemical bonds then break down and reassemble into 
the basic MO7 units of a baddelyite-like structure. During this process, the introduced defects 
through co-doping In3+ and Nb5+ ions serve as the nucleation centres of new polymorphs. Once 
the crystal nuclei are shaped, they consume other smaller ones and gradually grow into 
nanoparticles following the Ostwald ripening process until all co-doped anatase TiO2 changes to 
a baddelyite-like phase. This crystal growth process is supported by the appearance of NbO 
nanoclusters during the phase transition of Nb5+ single-doped TiO2 nanoparticles from anatase to 
rutile23a and it is also supported by the study on the preparation of silicon nanoparticles.24 A similar 
scenario also happens in the phase transition from a baddeleyite-like to an α-PbO2-like structure. 
However, it should be pointed out that the driving force for phase transition at the compression 
stage is quite different from that of decompression process. The former comes from the external 
pressure while the latter is from the interiors of nanoparticles. 
CONCLUSION 
High pressure reaction behaviours of (In3++Nb5+) co-doped anatase TiO2 nanocrystals (<10 nm) were 
investigated by an in situ Raman spectrometer. In3+ and Nb5+ ions co-doping not only induces trans-regime 
structural transition of anatase TiO2 nanocrystals but also enhances their stiffness or incompressibility due 
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to the synergistic effects of co-dopants. The crystallographic evolution of co-doped TiO2 is demonstrated 
to follow the sequence of anatase to a baddeleyite-like phase (under compression) and then to an α-PbO2-
like structure (under decompression). This abnormal trans-tregime structural transition is determined by 
the defect-induced heterogeneous nucleation mechanism. The combination of high pressure and co-
doping strategy is thus critical for the synthesis of other co-doped metastable polymorphic nanomaterials 
and it is also significant to optimize the physicochemical properties of traditional materials.   
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Figure Captions 
 
Figure 1. Size-dependent compression (a) and decompression (b) phase diagrams of un-doped anatase 
TiO2.8-10 Three size regimes can be categorized. The dot lines label the boundary of onset structural 
transition. H (L) DA means a high (low)-density amorphous state. (c) shows the structural transition of 
(5at.% In3++5at.% Nb5+) co-doped anatase TiO2 nanocrystals (<10 nm) under pressurization (pressure up) 
and depressurization  (pressure down) conditions.  
 
Figure 2. The XRPD pattern (a), a HRTEM image (b) and XPS data (c and d) of (5at.%In3++5at.%Nb5+) 
co-doped anatase TiO2 nanocrystals used for high pressure reaction, indicating that they have In3+ and 
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Nb5+ doped ions, anatase structure, quasi-spherical morphology as well as uniform size distribution of 
less than ∼10 nm. 
 
Figure 3. Raman spectra of (5at.% In3++5at.% Nb5+) co-doped anatase TiO2 nanocrystals collected under 
compression (a) and decompression (b) conditions. Their crystallographic evolution followed the 
sequence of anatase → baddeleyite-like phase (compression) → α-PbO2-like structure (decompression). 
(c) presents the polyhedral structures of three co-doped TiO2 polymorphs obtained in this work. 
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Figure 4. Raman frequencies of different active modes as a function of compression or decompression 
pressure for co-doped anatase (a), baddeleyite-like (d) and α-PbO2-like (e) nanocrystals. (b) shows the 
enlarged pressure-Raman frequency curve of Eg(1) mode of co-doped anatase TiO2 nanocrystals at lower 
pressures (<2.4 GPa). (c) is the pressure-dependent Raman line width of Eg(1) mode of co-doped anatase 
TiO2 nanocrystals. The experimental data were labelled by different symbols while the linear fitting data 
were labelled by the solid lines. 
 
Figure 5. A schematic of the defect-induced heterogeneous nucleation mechanism. (a) Non-uniform 
pressure distribution among MO6 octahedra due to their different local crystal chemistry environments 
(the red color represents the position of defect induced by co-doping). (b) and (c) are the distortion of 
local crystal structure under high pressure. (d) The formation of crystal nuclei of new phase after the 
breaking and reassembling of In-O, Nb-O chemical bonds. (e) The growth of new crystal nuclei into co-
doped baddeleyite-like or α-PbO2-like TiO2 nanocrystals. 
Table 1. The pressure coefficients (dν/dp) of different Raman active modes of (In3++Nb5+) co-doped, Nb5+ 
single-doped and un-doped anatase, baddeleyite-like, α-PbO2-like TiO2 nanocrystals. 
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Crystal 
structures 
Raman modes dν/dp (cm-1⋅GPa-1) Samples References 
anatase 
Eg (149.5 cm-1) 
2.20 (±0.05) 5at.%In3++5at.%Nb5+ This work 
2.58 (±0.22) un-doped 8d 
2.81 (10at.% Nb5+) single-doped Ref. 20 
B1g (394.3 cm-1) 
1.76 (±0.08) 5at.%In3++5at.%Nb5+ This work 
2.7 un-doped Ref. 10c 
∼2.8 (10at.% Nb5+) single-doped Ref. 20 
A1g/B1g (516.4cm-1) 
1.98 (±0.03) 5at.%In3++5at.%Nb5+ This work 
2.7 un-doped Ref. 10c 
∼2.6 (10at.% Nb5+) single-doped Ref. 20 
Eg (642.4 cm-1) 
3.03 (±0.09) 5at.%In3++5at.%Nb5+ This work 
3.1 un-doped Ref. 10c 
∼4.2 (10at.% Nb5+) single-doped Ref. 20 
baddeleyite Ag (480.2 cm-1) 
1.30 (±0.10) 5at.%In3++5at.%Nb5+ This work 
1.65 (±0.21) un-doped Ref. 8d 
α-PbO2 Ag (426.1 cm-1) 
0.67 (±0.06) 5at.%In3++5at.%Nb5+ This work 
∼3.1 (5at.% Nb5+) single-doped Ref. 20 
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